[1] Southward-then-northward magnetic perturbations are often seen in the tail plasma sheet, along with earthward jets, but the generation mechanism of such bipolar B z (magnetic flux rope created through multiple X-line reconnection, transient reconnection, or else) has been controversial. At $2313 UT on 13 August 2002, Cluster encountered a bipolar B z at the leading edge of an earthward jet, with one of the four spacecraft in the middle of the current sheet. Application to this bipolar signature of GradShafranov (GS) reconstruction, the technique for recovery of two-dimensional (2D) magnetohydrostatic structures, suggests that a flux rope with diameter of $2 R E was embedded in the jet. To investigate the validity of the GS results, the technique is applied to synthetic data from a three-dimensional (3D) MHD simulation, in which a bipolar B z can be produced through localized (3D) reconnection in the presence of guide field B y (Shirataka et al., 2006) without invoking multiple X-lines. A flux rope-type structure, which does not in fact exist in the simulation, is reconstructed but with a shape elongated in the jet direction. Unambiguous identification of a mechanism that leads to an observed bipolar B z thus seems difficult based on the topological property in the GS maps. We however infer that a flux rope was responsible for the bipolar pulse in this particular Cluster event, because the recovered magnetic structure is roughly circular, suggesting a relaxed and minimum energy state. Our results also indicate that one has to be cautious about interpretation of some (e.g., force-free, or magnetohydrostatic) model-based results.
Introduction
[2] Bipolar oscillations in the z component (in GSE or GSM) of the magnetic field are often seen by spacecraft in the magnetotail. Since this component nominally represents the one normal to the tail current sheet, those bipolar signatures have been interpreted as being due to magnetic islands or plasma bulge structures, generated through magnetic reconnection and then convected earthward or antisunward [e.g., Hones et al., 1984] . Northward-to-southward magnetic perturbations, usually interpreted as a signature of tailward propagating plasmoids resulting from the formation of the near-Earth magnetic neutral line (NENL), have long been studied intensively [e.g., Slavin et al., 1995; Ieda et al., 1998 ], particularly in connection with substorms. However, recent focus appears to be rather on the perturbations with the opposite polarity, namely, southward-to-northward B z signatures presumably caused by the earthward motion of similar structures [Elphic et al., 1986; Slavin et al., 2003a; Owen et al., 2005] . This is perhaps because in recent years a number of satellites, such as Cluster, Geotail, and TC-1, reside often in the tail on the earthward side of the average NENL position (x $ À25 R E [e.g., Nagai et al., 1998] ).
[3] Slavin et al. [2003a] suggested that these southwardto-northward B z pulses, often being embedded in a burst of earthward plasma flow, are due to magnetic flux ropes formed between multiple reconnection X-lines and subsequently transported toward the Earth on the earthward side of the most active reconnection site (NENL), where lobe field lines are probably being reconnected (in the present paper, we define the flux rope as a flux tube in which at least part of the embedded field lines makes 360°turn when seen in the plane orthogonal to its axis). There are, however, several alternative interpretations, most of which are directly or indirectly related to reconnection: transient reconnection [Semenov et al., 1983] , which can generate a bipolar magnetic pulse in and around the earthward jet, but not at the exact center of the current sheet [see, e.g., Slavin et al., 2005, Figure 11 ]; field-aligned current filament at the flanks of bursty bulk flows (BBFs) [e.g., Snekvik et al., 2007] ; dawn-dusk propagation of an undulating current sheet under the presence of guide field B y [Nakagawa and Nishida, 1989] . In this sense, the controversy on the generation mechanism of bipolar B z in the tail is quite similar to that on the flux transfer event (FTE) generation at the magnetopause (see, e.g., Khotyaintsev et al. [2004] , , and Penz et al. [2007] , for recent related works).
[4] Recently, Shirataka et al. [2006] have shown, based on three-dimensional (3D) MHD simulations, that a bipolar B z variation in the tail current sheet can arise from localized reconnection in the presence of guide field B y . The earthward reconnection jet has a finite dawn-dusk width and becomes twisted under the presence of B y in the lobe. As a result of its interaction with the pre-existing plasma sheet, B y embedded in the plasma sheet, which has the same polarity as in the lobe, turns into a southward B z at the leading edge of the jet. The result by Shirataka et al. is striking in that a single X-line but with a finite extent can generate southward field, not only in regions away from, but also exactly at, the center of the current sheet, in contrast with the transient reconnection [Semenov et al., 1983] . The reconnection process in their simulation is equivalent to that in the original Russell-Elphic model for the FTE formation [Russell and Elphic, 1978] , in the sense that guide-field reconnection occurs locally and impulsively. Note however that the generation mechanism of the bipolar magnetic pulse seems different between the two models: the Russell-Elphic model involves a flux tube with helical field lines whereas no such helical fields exist in the simulations by Shirataka et al. [2006] .
[5] In the present paper, a southward-to-northward B z perturbation seen by Cluster in the tail is studied with Grad-Shafranov (GS) reconstruction, the technique for producing 2D maps of plasma and magnetic field structures from in situ measurements [Sonnerup et al., 2006, and references therein] . The GS maps provide information on the size, shape, orientation of elongation, and magnetic topology of a structure encountered by spacecraft: these information are essential to infer what the observed structure is and how it formed. However, since the standard GS method for magnetic field reconstruction [Hau and Sonnerup, 1999; Hasegawa et al., 2005] , used in this study, also assumes two-dimensionality and magnetohydrostatic equilibrium of the structure, one might be misled into an incorrect conclusion, if data analyzed include significant deviation from the underlying assumptions and if one relies too much on the GS maps, which may be generated anyhow. We show that this is indeed the case, based on GS reconstruction utilizing synthetic data from the MHD simulation by Shirataka et al. [2006] , in which 3D effects are essential. The Cluster bipolar B z event is re-inspected in greater detail, taking into account GS results not only for the Cluster event but also for simulated B z pulses. The purpose is to see which model for the bipolar B z generation can account for the observed properties most consistently.
[6] The remainder of the paper is organized as follows. In section 2, we present Cluster observations of the bipolar magnetic signature studied here and the corresponding GSreconstruction results. In section 3, the GS method is applied to virtual spacecraft observations of a bipolar B z that emerges in the 3D MHD simulation of localized, guidefield reconnection with a single X-line [Shirataka et al., 2006] , and we discuss to what extent one may rely on the reconstruction results. Section 4 gives discussion on the most plausible model for the bipolar B z production in the Cluster event, and summarizes our results.
Cluster Event Analysis
[7] The bipolar magnetic signature analyzed here was encountered on 13 August 2002 by the Cluster spacecraft when they crossed the plasma sheet in the post-midnight sector (the GSE position was (À17.3, À7.1, 1.1) R E ). The data of this day have been studied by Amm et al. [2006] , in the context of a substorm whose onset was at $2250 UT. Figure 1 shows an overview of Cluster observations for an interval 2303-2325 UT surrounding the bipolar pulse, during which the spacecraft were separated by approximately 3000 km from each other. All four spacecraft were initially in the northern lobe, and subsequently entered the plasma sheet possibly due to its thickening following the substorm onset. Three bursty enhancements in the earthward flow speed occurred consecutively during this interval, at 2306 UT, 2313 UT, and 2320 UT, respectively. Here we focus on the second event in which a prominent bipolar B z variation is embedded. Importantly, when this bipolar B z was encountered, Cluster 3 (C3) was exactly in the middle of the current sheet where B x is nearly zero, while the other three were on the northern side. Thus one may at this point exclude one of the models, that is, transient reconnection [Semenov et al., 1983] , as the generation mechanism of the bipolar signature, because it cannot produce southward B z at the exact current sheet center. It is also seen that the occurrence of the bipolar pulse is not correlated with current sheet crossings, identified by change in the B x polarity, which suggests that current sheet undulations [Nakagawa and Nishida, 1989] are not the cause.
[8] We now apply the GS technique to the interval 2313:12 -2314:57 UT, sandwiched by the two vertical lines in Figure 1 . The GS method assumes that (1) the structure reconstructed is in magnetohydrostatic equilibrium, i.e., a force balance relation, rp = j Â B, holds, and that (2) the structure is 2D, with no (or only weak) spatial gradient along some direction k, which we call the invariant axis. The GS equation, derived under these assumptions, reads in the Cartesian (i, j, k) coordinate system,
where A is partial magnetic vector potential, and P t is the transverse pressure, P t = p + B k 2 /(2m 0 ). p, B k , and hence P t are all functions of A alone; they are preserved along magnetic field lines. The GS equation can be solved numerically, using plasma and magnetic field data recorded by a single spacecraft as spatial initial values, the result being a 2D distribution of A in the i-j plane. Transverse field lines on the i-j plane are then represented by equi-A contour lines. Additionally, the maps of B k , p, etc. can be generated based on functional forms B k (A), p(A), etc. established by the measurements. For a complete overview of the technique, readers are referred to Sonnerup et al. [2006] .
[9] We use the deHoffmann-Teller (HT) frame as the comoving frame of the structure. The HT velocity is determined, using combined C1 and C3 data taken by CIS/HIA and FGM during the interval, to be V HT = (233.5, 22.7, 24.6) km/s in GSE, consistent with earthward propagation of the bipolar structure. The correlation coefficient between three GSE components of Àv Â B in the spacecraft frame and those from ÀV HT Â B, cc HT = 0.9394, indicating that the HT frame is not extremely well, but reasonably well determined. The corresponding Walén slope is À0.062, suggesting that inertia effects due to field-aligned flow were weak. Figure 2 shows the reconstructed magnetic field maps, together with the distribution of the axial field (B k ) (the top panel) and plasma pressure (bottom) in color. These ''composite'' maps are generated by merging four independent maps produced for individual Cluster spacecraft, taking the procedure developed by Hasegawa et al. [2005] . Since weak acceleration of the HT frame was found from the HT analysis (a HT = (0.198, 0.526, À0.563) km/s 2 in GSE), its effect was taken into account [Hu and Sonnerup, 2003] , which improved agreement between three magnetic field components predicted from the map along the four Cluster paths and those actually measured. Figure 3 indeed shows that the correlation between the predicted and measured field values is good, although the correlation coefficient is somewhat lower than for magnetopause and FTE events studied previously [Sonnerup et al., 2004; Hasegawa et al., 2005 Hasegawa et al., , 2006 . Table 1 shows the correlation coefficients The panels show, from top to bottom, ion number density, ion temperature, three GSE components and magnitude of the magnetic field, ion beta, and three GSE components of the bulk velocity. The time interval between the two vertical lines was used for the GS reconstruction.
computed for three individual field components. For the j and k components, which showed a substantial variation during the analyzed interval, high correlations are obtained, an indicator of reasonable accuracy of the field map. The sense of temporal variation of the HT frame velocity suggests that the bipolar structure was accelerated in the earthward direction. This fact, along with the continued northward B z and earthward flow during an interval 23:14 -23:17 UT following the bipolar pulse encounter (Figure 1 ), is consistent with some remaining activity of reconnection on the tailward side of the bipolar structure.
[10] The GS map exhibits a distinct magnetic flux rope, which is roughly circular with a radius of $6000 km, that is, 1 R E . The axial field B k has a maximum in the core part of the flux rope, where, the bottom map in Figure 2 shows, the plasma pressure has a minimum. It is thus seen that the bipolar structure was not in a force-free (j Â B = 0) state, which requires that beta is very low (which was not the case as the seventh panel in Figure 1 shows) or that no (or only weak) pressure gradient is present. GSE components of the optimally chosen GS axes are: i = (À0.9985, 0.0521, 0.0192), j = (À0.0182, À0.6347, 0.7725), and k = (0.0524, 0.7710, 0.6347). The invariant axis k is oriented roughly in the GSE y direction, but has a significant z component. This axis orientation is consistent with a locally tilted current sheet, which is now known to be rather common in the tail [e.g., Sergeev et al., 2003] (the k tilt is less large but still significant in GSM). These reconstruction results are thus consistent with the view that a flux rope, elongated approximately in the cross-tail direction, was embedded in the earthward flow burst. A most likely interpretation is that the flux rope was created through multiple X-line reconnection [Slavin et al., 2003a] , and subsequently was pushed and accelerated earthward by the reconnection jet emanating from a more active reconnection site that existed tailward of Cluster.
Analysis of Simulation Data
[11] As demonstrated by Shirataka et al. [2006] , a bipolar B z variation with a B y field intensification can result from localized (3D) bursty reconnection in the presence of guide field (see their Figure 5 ). In this section, the GS method is applied to synthetic data sampled from their 3D MHD simulation result. Based on the resulting GS maps and indepth analysis of the simulation data, we discuss the usefulness and limitation of the reconstruction method, unique features of the 3D guide-field reconnection process, and some guidelines in interpreting the GS results.
Reconstruction Using Simulated Data
[12] We first examine what structure is produced with the GS method from data taken by virtual spacecraft observation of the simulated B z signature. In the 3D MHD simulation by Shirataka et al. [2006] , magnetic reconnection is initiated in a Harris-type current sheet but with a uniform guide field B y = 4 nT (= 0.2 B 0 , where B 0 is the intensity of the x component of the initial lobe field, 20 nT) and with total thickness of 6000 km ($1 R E ). The full dawn-dusk width of the anomalous resistivity region, equivalent to that of the resulting reconnection jet, is set to be 3 R E . The simulation coordinate is the same as GSM, except that the origin is located at the center of the resistivity region. Remember that the structure of reconnection jet thus gen- erated is essentially 3D and also has not reached a fully steady state during the simulation time under discussion.
[13] Figure 4 shows 110 s of data recorded by four virtual spacecraft, all situated at x = 11.25 R E earthward of the reconnection site, but at different y and/or z positions. It is found that time variations of the density, B y , B z , and V x at the jet center (y, z) = (0, 0), represented by black curves, are qualitatively similar to those seen by Cluster 3 in the analyzed event: the density is depleted, B y is intensified, and V x increases, during the bipolar B z pulse. A somewhat weaker, but significant bipolar B z fluctuation can be found at locations (red and green curves) not far from the jet center, whereas only a negligibly weak southward B z is seen at y = 2 R E , corresponding to the duskside edge of the reconnection jet. We thus see that distinguishing localized guide-field reconnection signatures from those of flux rope is possible by simply inspecting time series data, if multiple satellites are located in the middle of the current sheet and are separated in the dawn-dusk direction by the scale of the jet width. Unfortunately, this was not the case for the Cluster event because the Cluster separation ($3000 km) was much shorter than the average width of reconnection jets (BBFs), known to be 2 -3 R E [Angelopoulos et al., 1997; Nakamura et al., 2004] .
[14] We now apply the GS technique to the data taken at (y, z) = (0, 0) during the interval 105 -195 s (black curve in Figure 4 ). Since the present purpose is to understand fundamental properties of the GS reconstruction while in section 2 it was to construct an optimal map making full use of the available four spacecraft information, singlespacecraft application is taken as done by Hau and Sonnerup [1999] and Hu and Sonnerup [2003] . It also makes comparison with simulation results of the GS map, as will be made in section 3.2, simpler than the corresponding comparison for multi-spacecraft application. There are at least two possibilities on the field map to be recovered: (1) a magnetic flux rope-type structure, nonexistent in the simulation, is produced erroneously, or (2) a totally unrealistic field map is generated because of the violation of the model assumptions (due to 3D and/or temporal effects). The HT analysis applied to the corresponding data results in the HT velocity V HT = (703.1, 0.0, 0.0) km/s, cc HT = 0.847, and the Walén slope of 0.015 ( Figure 5 ). It is seen that the HT frame is not determined well, while field-aligned flow effects are small. We later show that in the HT frame obtained, there are significant flows transverse to the field, consistent with the jet still dynamically evolving.
[15] For single-spacecraft applications, the invariant axis k has been determined in such a way that P t and/or B k become equal at particular A values, sampled more than once during the analyzed interval [Hu and Sonnerup, 2002] . Here, the optimal axis orientation is chosen by rotating a trial axis, initially oriented in the y direction, in the y-z plane. Figure 6 shows P t and B k as functions of A for the k axis thus selected, which is 5 deg. off from the y axis and thus k = (0.0000, 0.9962, 0.0872). Other GS axes are: i = (À1.0, 0.0, 0.0), and j = (0.0000, À0.0872, 0.9962). While the data points are on two separate curves in the B k versus A plot, they lie nearly on a single curve in the P t versus A plot. It indicates that it is in principle possible to determine a reasonable axis orientation with the conventional procedure (the orientation is also not away from an optimal k axis obtained by a trial reconstruction utilizing data from four hypothetical spacecraft). Because of the double branch feature in the B k versus A relationship, we reconstruct the map using the two types of fitted curves in Figure 6 , ones based on the data from the front side of the bipolar structure where B j is negative (solid curves), and ones from the rear side where B j is positive (dashed curves). 0.9608 (Figure 3 ) 318 Figure 4 . Time series data from virtual spacecraft observations. Black, red, green, and blue curves show the data sampled at (x, y, z) = (11.25, 0, 0) R E , (11.25, 0, 1) R E , (11.25, 1, 0) R E , and (11.25, 2, 0) R E , respectively, in the simulation domain. The panels show plasma density, pressure, three components and intensity of the magnetic field, and three components of the velocity, respectively.
[16] Figure 7 shows the maps thus reconstructed. The fitted curve used for the GS integration was switched from one to the other at points in the map where B j changes its sign. Obviously, the transverse fields reconstructed show a prominent closed magnetic loop, in spite of the fact that no transverse field lines make 360°turn and hence no helical fields exist in the simulation during the period of interest [Shirataka et al., 2006, Figure 3 ]. In the bottom panel, the velocities, when seen in the HT frame, have significant perpendicular components. They have a Àx (+i) component on the front (left) side of the bipolar pulse, while they have a +x (Ài) component on the rear (right) side, which is consistent with the structure being shrinking in the x direction. Figure 8 shows the corresponding maps recovered from the data taken at (y, z) = (1, 0) R E (green curves in Figure 4 ), with the same HT frame velocity and GS axes as for Figure 7 . They also exhibit a flux rope-type structure, though it is smaller than in Figure 7 probably because the amplitude of the B z perturbation becomes smaller with distance from the jet center. These results indicate that the GS method cannot provide precise information on the magnetic topology, when the model assumptions are violated. In other words, the topological property in the field map cannot solely be used to conclude which mechanism (multiple X-line reconnection, or 3D guide-field reconnection) is responsible for an observed B z signature.
Assessment of Reconstruction Result
[17] Although it turned out that the GS maps may not be reliable in terms of magnetic topology when the underlying assumptions are violated, they may still give us other useful information. Here we investigate how and to what extent the maps could be used for data interpretation. For this purpose, the GS maps generated from the simulated data are compared with 2D slices of the 3D simulation result by the same plane as of the maps. Figures 9 and 10 shows such 2D distributions of B k and the plasma pressure at T = 149 s when the center of the bipolar signature passed though x = 11.25 R E , at which the data for Figures 7 and 8 were sampled. Note that these two 2D slices cannot be compared directly with Figures 7 and 8 , respectively, since they are snapshots, i.e., they represent the profiles at a fixed moment while the GS maps are recovered from timevarying data taken at a fixed point, which violate the GS assumptions. We however point out that these profiles in the simulation are qualitatively similar during the corresponding interval (T = 105-195 s).
[18] The comparison between Figures 7 and 9 shows that they are fairly similar, regarding the elongation of the structure in the x direction, axial field distribution, and a weak but discernible front-rear asymmetry in the pressure distribution. The structure seen in Figure 8 also looks similar to that in Figure 10 , although the GS maps do not fully show a weak north-south asymmetry present in the simulation result and also do not accurately recover the Figure 5 . Three components of -v Â B in the spacecraft frame versus those of ÀV HT Â B (top) and Walén plot (bottom), based on the simulated data obtained at (x, y, z) = (11.25, 0, 0) R E . Figure 6 . Field-line invariants, P t and B k , versus A, constructed from the simulated data obtained at (x, y, z) = (11.25, 0, 0) R E . The solid and dashed curves are fits to the data from the earthward and tailward portions, respectively, of the bipolar signature.
regions far from the core part of the bipolar structure. In Figures 9 and 10, the magnetic field vectors projected onto the plane rotate around the center of the bipolar structure, represented by a maximum in the axial field B k . It is therefore seen that the 2D slices themselves show a magnetic field pattern not inconsistent with a flux rope, though it does not in fact exist. These findings indicate that, although the magnetic topology may not be accurate, other features in the GS maps are tolerant against appreciable 3D and temporal effects (see also Hasegawa et al. [2007] for similar tests with simulated data of another version of the GS method for recovery of streamlines), and that the maps may be used as a 2D representation of an observed 3D structure.
Characteristics of 3D Guide-Field Reconnection
[19] Although we found that it is almost impossible to conclude, by just looking at the topological nature in GS maps, which mechanism caused a bipolar B z event, there are other features that may help discriminate 3D guide-field reconnection from flux ropes. Figure 7 shows that the recovered magnetic structure is strongly elongated in the x (i) direction, the pressure is larger on the front side of the bipolar signature than on the rear side, and that the velocities in the HT frame converges toward the center. The pressure asymmetry occurs because different types of flux tubes come into contact through localized reconnection under guide field: the pressure peak is due to compression by the jet of plasmas pre-existing in the plasma sheet, while no such enhancement occurs in the trailing part where plasmas originate from the lobe region and hence are less dense [Shirataka et al., 2006] . It is also expected that the trailing flux tube contains more energetic particles, accelerated through reconnection, than in the leading flux tube. Such an asymmetry in energetic electron flux of a bipolar B z structure has been reported by Sergeev et al. [1992] . None Figure 7 . Maps recovered from the virtual spacecraft observation at (x, y, z) = (11.25, 0, 0) R E (black curves in Figure 4) . The format is similar to the one for Figure 2 . Figure 8 . Maps recovered from the virtual spacecraft observation at (x, y, z) = (11.25, 1, 0) R E (green curves in Figure 4 ). of these signatures should appear in a genuine flux rope, in particular, when it has reached a relaxed, equilibrium state. Such a flux rope would be approximately round, have an equal pressure on the same flux tubes, and have only weak perpendicular flows within. Another feature recognizable in Figure 9 is that the front-rear asymmetry in pressure weakens as one goes away from the current sheet center. It thus may be indispensable to make observations in the close proximity of the current sheet center, to discriminate unambiguously the different generation mechanisms of bipolar B z .
Guideline in Interpreting GS Results
[20] Though not shown in the paper, the reconstruction using simulation data from four synthetic spacecraft, whose separation is comparable to that in the Cluster event ($0.5 R E ), resulted in a field map qualitatively similar to the one in Figure 7 , i.e., the map showing an elongated flux rope-type structure. Moreover, a rather high correlation was obtained between the predicted and measure field components, as seen in Figure 3 , despite strong violation of the model assumptions. Such a result poses a serious problem of how one can discern the robustness of the GS results. There seems to be some warning signs that imply possible defects of the field maps. One sign is significant perpendicular velocity components remnant in the HT frame (Figures 7 and 8) , indicative of temporal variation of the structure. Their presence can be found, before proceeding to the reconstruction, by looking at deviation of the data points from a regression line in the Walén plot (see Figure 5 ). For the Cluster event, there was no such strong deviation as seen in Figure 5 . Another sign may be inconsistency in the HT velocity components computed individually for multiple spacecraft. For a nearly 2D and time-independent structure, its all portions are expected to have a nearly equal HT velocity. This appears to be the case in the Cluster event: the HT velocities from the C1 and C3 data are roughly the same (V HT (C1) = (247.0, 29.3, 36 .9) km/s, and V HT (C3) = (221.6, 32.7, 22. 3) km/s). On the other hand, for the simulated B z structure, the HT velocities from different virtual spacecraft are substantially different: those from the data taken at (x, y, z) = (11.25, 0, 0) R E , (11.25, 0, 0.5) R E , and (11.25, 0.5, 0) R E are V HT = (703.1, 0.0, 0.0) km/s, (762.7, 187.5, 28 .7) km/s, and (661.1, 619.3, 68.7) km/s, respectively. Such a difference, especially in direction, is consistent with the 3D development of the structure, and may well be used as a precaution. Another warning may be the appearance of double branches in either P t versus A or B k versus A relationship as seen in Figure 6 , but it has to be confirmed only after the determination of a reasonable invariant axis, which may not be possible when the GS assumptions are strongly violated.
Summary and Discussion
[21] We have analyzed a southward-then-northward magnetic signature embedded in an earthward flow seen by Cluster in the tail, with GS reconstruction of its structure. In addition, the limitation as well as capability of the GS method was investigated based on the reconstruction utilizing, as initial input, data from the 3D MHD simulation of localized and bursty reconnection in the presence of guide field [Shirataka et al., 2006] . Below we summarize and discuss the results that have come out from the analyses of the simulation data, followed by discussion on the most plausible model that explains the Cluster event.
[22] The GS method cannot accurately recover the magnetic topology when the underlying (2D and time-stationary) assumptions are violated significantly. Our result therefore urges a caution that one should not blindly believe results from some model-dependent analyses, such as data fitting to axisymmetric force-free magnetic field models [Lepping et ., 1990; Slavin et al., 2003b] and our GS methods [Sonnerup et al., 2004; Hasegawa et al., 2006] . It must be kept in mind, for instance, that an excellent fit of data to the force-free flux rope model does not necessarily prove the actual existence of such a flux rope (although nearly perfect agreement of some model expectation with ''multispacecraft'' observations may prove). Therefore one has to be very careful about interpretation of such model-based results. Although bipolar B z variations accompanied by a core B y field enhancement, in particular those found at large downtail distances, have been conventionally interpreted as mainly due to flux ropes, our result shows that localized reconnection under guide field can also explain the observations instead of multiple X-line reconnection.
[23] Although the magnetic topology of GS-reconstructed structures may not be reliable, GS maps can still be useful to gain fundamental information on the structure, such as the shape, size, and pressure distribution in the map plane. Characteristics of these would help distinguish the bipolar structures produced through 3D guide-field reconnection from flux ropes. Note however that, to unambiguously identify the generation mechanism of a bipolar signature, it is crucial to make observations exactly near the center of the current sheet where differences among the different models manifest most clearly. Such observations would also allow us to identify a unique signature of localized reconnection under guide field that zero or only weak southward B z appears at the flanks of the jet (Figure 4 ). Since the average jet width is 2 -3 R E [Angelopoulos et al., 1997; Nakamura et al., 2004] , it would be ideal to have more than one spacecraft close to the equatorial plane with a dawn-dusk separation of that scale.
[24] Taking into account the above cautions, we now discuss which model can produce a bipolar B z most consistent with the Cluster event. Figure 2 indicates that the magnetic structure is approximately round and the pressure is reduced significantly at the core, while it is enhanced at the leading edge outside the magnetic loop. No strong flows toward the center of the structure can be identified in the HT frame. These features suggest that Cluster encountered a flux rope that has deformed toward a relaxed, approximately minimum-energy configuration, rather than a dynamically developing part of reconnection jet. Multiple X-line reconnection thus seems to have created the flux rope in the analyzed B z event, although reconnection may not have been active simultaneously at the relevant two X-lines.
[25] On the other hand, the preceding and following BBFs detected at 2306 and 2320 UT, (first and third events in Figure 1 ) may be rather consistent with transient reconnection [Semenov et al., 1983] , because no southward B z is seen in spite of the fact that at least one of the spacecraft was near the current sheet center. Since the background field had a substantial B y component, these two BBFs could be interpreted in two ways: (1) Cluster observed a flank part of 3D reconnection jets where, the MHD simulation suggests, no southward B z is produced, or (2) the associated transient reconnection jets were broad (note that such jets do not generate appreciable southward B z in the central plasma sheet, according to the simulation [Shirataka et al., 2006] ). If one takes the former interpretation, the observation given in Figure 1 can be explained provided that localized reconnection occurs intermittently (at least three times) with an interval of several minutes, at a similar x and y position, and that only the reconnection process leading to the second GS-reconstructed BBF involves more than one X-lines that have a significant y extent and become active nearly simultaneously. In this interpretation, the X-line on more tailward side should have been much more active to cause the earthward propagation of the resulting flux rope. In the latter interpretation, the observation may be explained if large-scale reconnection (in terms of y) occurs intermittently and the second and third reconnection pulses occur somewhat anti-sunward of the first one. A flux rope can then be generated between the first and second X-lines. This view, however, requires that the second reconnection initiates in the downstream region of the first one, where the field component normal to the current sheet may well be nonzero, and hence may be less reasonable.
[26] We find that the transverse magnetic flux per unit axial length inside the flux rope structure in Figure 2 amounts to 0.0205 TÁm. This is comparable to that contained within 0.5 R E from the center of a Harris current sheet with full thickness of 1 R E and lobe field of 20 nT, 0.0277 TÁm. Assuming that the current sheet at reconnection onset is much thinner than 1 R E , we infer that the reconnection process has proceeded to the lobe fields to create the flux rope as reconstructed. Given the prediction from fullparticle simulations that significantly fast reconnection initiates at current sheets with a thickness comparable to or smaller than the ion inertia length (of 1000 km order in the plasma sheet) [Tanaka et al., 2005] , the flux rope in the GS map may well contain initially lobe field lines. This conjecture is supported by the fact that during the analyzed interval, the density became lower than in the preceding stagnant plasma sheet (Figure 1) .
[27] One of our goals would be full understanding of the spatial and temporal nature of magnetic reconnection, such as the extent, location, motion, and number of X-line and the temporal variation of the reconnection rate, rather than clarifying the dominant mechanism whereby bipolar B z is generated along with the jets. This may be feasible with detailed analysis of multi-point satellite data, including those from the THEMIS satellites, which provide remote signatures of reconnection such as bipolar magnetic structures and BBFs. However, simulation studies and, importantly, analysis of simulation data from the data analyst viewpoint can also provide helpful insights into the problems, as the present study have demonstrated.
